Background and Purpose-Toward the goal of designing a clinical trial using imaging parameters to treat stroke patients with unknown onset time, we investigated the timing of changes on MRI in patients with well-defined stroke onset. Methods-Hypothesis-generating (nϭ85) and confirmatory (nϭ111) samples were scored by blinded readers for fluid-attenuated inversion recovery (FLAIR) hyperintensity in diffusion-positive regions. Reader-measured signal intensity ratio (SIR) of the lesion to contralateral tissue was compared with SIR measured by coregistration. 
A s a matter of convention, time of stroke onset for thrombolytic eligibility is estimated as the time that a patient was last known to be normal. Although this conservative estimate assures that treatment is started within the established time window, it excludes potentially treatable stroke if the time of onset is uncertain, such as patients with symptoms first noted on awakening or those with unwitnessed onset who are unable to provide an accurate history. This factor likely contributes to low treatment percentage rates of intravenous tissue plasminogen activator of 3% to 8.5% in a recent study of medical centers in the United States. 1 The primary reasons for low utilization rates of thrombolytics are because most patients (Ϸ77%) did not meet the 3-hour window of treatment or because their symptom onset time was unknown. 2 Toward the goal of designing a clinical trial using imaging parameters to safely treat ischemic stroke patients with unknown onset time, we are interested in the timing of imaging changes on acute MRI in patients with well-defined stroke onset time. A recent study comparing CT changes in wake-up strokes with those in strokes of known onset time concluded that the time of true onset in wake-up strokes was soon before awakening, 3 suggesting the potential use of thrombolytic treatment in this patient population. Another center's experience with off-label compassionate use of thrombolysis in wake-up stroke patients who underwent pretreatment CT scans reports higher rates of good clinical outcomes when compared with nontreated wake-up strokes. 4 However, the results of ABESTT-II, a randomized, doubleblind, placebo-controlled trial of abciximab using CT screening, gives reason for caution when treating wake-up strokes, because this cohort had higher mortality and symptomatic intracranial hemorrhage rates 5, 6 than the nonwake-up group.
Because fluid-attenuated inversion recovery (FLAIR) signal hyperintensity of an acute ischemic lesion is normal in the first hours after stroke, the diffusion-weighted imaging (DWI)-positive, FLAIR-negative MRI pattern has been proposed as a marker for time when the precise time of symptom onset is unknown. Using diffusion MRI in conjunction with FLAIR has been reported to identify hyperacute ischemic strokes within the thrombolytic time window. [7] [8] [9] [10] However, lesion conspicuity on FLAIR is subjective, with low interrater agreement, 7 especially when subtle changes are present. Lesion-to-normal signal intensity ratios on FLAIR coregistered to DWI images has been proposed as a means to quantify changes that occur with time, 8 but such measurements may be impractical within the time constraints of thrombolytic treatment.
We consider whether early ischemic changes on FLAIR MRI in stroke of known onset permit identification of early strokes in patients with unknown onset time. Specifically, we investigate whether qualitative or quantitative assessments of FLAIR hyperintensity are better at making this determination, and whether offline coregistration of DWI and FLAIR images is necessary for quantitative estimate of hyperintensity.
Materials and Methods

Imaging
For the first MRI hypothesis-generating sample, cases from April 2005 to December 2008 were selected from the Lesion Evolution in Stroke and Ischemia on Neuroimaging (LESION) Project registry, which is a prospective series of stroke patients screened with MRI within 24 hours from witnessed stroke onset, DWI-confirmed acute ischemic stroke and admission National Institutes of Health Stroke Scale (NIHSS) score Ͼ3, or who received an acute intervention. Inclusion was limited to patients with left anterior circulation stroke with witnessed stroke onset. Right hemisphere strokes were initially excluded because the risk of anosognosia may lead to incorrect tissue onset times. 11 Lacunar strokes and lesions with hemorrhagic transformation on acute imaging were also excluded.
For the confirmatory evaluation, a separate second sample of consecutively screened patients from January 2009 through December 2010 were analyzed similarly to the first sample with the exception that right hemisphere strokes were included and the last-seen normal time and time first seen with symptoms were extended up to 30 minutes. Blinded to stroke onset time, 2 readers (C.H.R. and S.S.S.) separately rated the region on FLAIR images corresponding to the acute DWI bright lesion; they were rated as none (0), subtle (1), or bright (2) hyperintensity ( Figure 1) . A third reader (S.W.) was invoked as the tie-breaker when there was a discrepancy between the 2 readers regarding FLAIR rating and signal intensity ratio. If the FLAIR signal was heterogeneous, then the rating was based on the area of brightest signal intensity underlying the lesion on DWI. FLAIR scans were considered "negative" if the hyperintensity was scored as none (0). After qualitative scoring had been completed, a region of interest was drawn corresponding to the area of brightest FLAIR signal intensity. A second region of interest was drawn over the homologous area of parenchyma in the contralateral hemisphere, with care taken to avoid areas of chronic infarction, leukoariosis, and cerebral spinal fluid. The ratio of mean signal intensity of the lesion to the signal intensity of the contralateral hemisphere was calculated and reported as the signal intensity ratio (SIR). The optimum SIR threshold for identifying stroke onset within 4.5 hours was chosen from the first sample using the approximate point where sensitivity and specificity were equivalent.
Coregistration
To verify the SIR method was as accurate as a quantitative process, a selection of patients from both samples was analyzed using MIPAV (Medical image Processing, Analysis and Visualization, version 4.4; National Institutes of Health). Forty-nine patients were selected for the quantitative analysis based on none to mild leukoariosis, stroke lesion diameter Ͼ1 cm, and none to minimal motion artifact. The intensity on FLAIR in a volume of interest corresponding to the entire DWI region was identified. Next, the DWI and FLAIR images were acquired and colocalized to identify a homologous region of healthy tissue on the contralateral hemisphere. The FLAIR was midsagitally aligned and the DWI was coregistered to the FLAIR. The parameters used were 9 specific rescale degrees of freedom, trilinear interpolation, and normalized mutual information cost function. After coregistration, an independent reader blinded to the FLAIR segmented the ischemic lesion on DWI. The resulting volumes of interest were mirrored across midline to perform measurements in the contralateral hemisphere. Manual editing to remove regions overlapping the ventricles, sulci, or cerebrospinal fluid was used in the contralateral hemisphere (Ͻ3%). The volumes of interest from both the ipsilateral and contralateral hemispheres were copied to the FLAIR image. The SIR was calculated as the ratio of the average ipsilateral voxel intensity to that of the contralateral hemisphere. The volumes of interest were recorded.
MRI Protocol
Imaging was performed using a 1.5-T (Twinspeed; General Electric) or 3-T (Achieva; Philips) clinical MRI scanner. Parameters for DWI spin-echo echo-planar series included either 40 3.5-mm-thick or 20 7-mm-thick contiguous axial oblique slices, with b of 0 and b of 1000 s/mm 2 , were trace-weighted or isotropically weighted, had repetition time/echo time of 6000 to 7000/72 to 90 ms, acquisition matrix of 96ϫ96 or 128ϫ128, and 22 cm field of view. FLAIR images were acquired with commercially available 2-dimensional sequences balanced across field strength for detecting chronic ischemic parenchyma with the following parameters at 1.5 T: repetition time/echo time of 9000/145 ms, inversion time of 2200 ms, and 20 contiguous slices with 0.9ϫ0.9ϫ7-mm resolution (zero filled) for a total acquisition of 2 minutes 25 seconds; at 3T, parameters were as follows: repetition time/echo time of 9000/120 ms, inversion time of 2600 ms, and 20 contiguous slices with 1ϫ1ϫ4-mm resolution (SENSE Rϭ1.75), for a total acquisition of 2 minutes 15 seconds.
Statistical Analysis
Two-sample t test was used to compare the means of continuous variables. The Mann-Whitney U test was used when the data showed strong departure from normality. The means and standard deviations are reported when data do not show departure from normality, as assessed by the Kolmogorov-Smirnov test statistic. Paired samples t test were used to compare SIR means between left and right hemispheres. When the data were skewed, the Wilcoxon signed rank test was used instead. SPSS (version 17.0; IBM) was used for testing. For evaluating interrater agreement for qualitative FLAIR rating kappa values were used, 12 with 0.5 representing moderate to good agreement and Ն0.7 representing excellent agreement between readers. 13 Both asymptotic and bootstrap 95% confidence intervals (CI) for kappa were used. These were calculated using the SAS macro of Vierkant. 14
Results
MRI Analysis
In the first sample, acute MRI scans were obtained within 24 hours for 466 patients with witnessed stroke onset. After excluding right hemisphere strokes, pure brain stem strokes, lacunar strokes, and hemorrhagic strokes, 85 patients who met the inclusion criteria were selected for analysis. In the second sample, 111 patients had both witnessed stroke onset time within 30 minutes and an acute MRI scan within 24 hours. Left hemisphere strokes comprised 41% (45) of the confirmatory sample, and the remaining 51% (57) and 8% (9) were right hemisphere or bilateral hemispheric strokes, respectively.
Qualitative assessment of FLAIR using all three categories, no FLAIR hyperintensity (0), subtle (1), and bright hyperintensity (2), showed kappa using asymptotic estimate of 0.6876 (95% CI, 0.60 -0.77) and bootstrap estimate of 0.69 (95% CI, 0.60 -0.77). There was no difference between asymptotic and bootstrap confidence intervals for all kappa estimates. When dichotomized between no FLAIR hyperintensity and subtle and bright hyperintensity grouped together as positive (the kappa agreement) using asymptotic estimate of 0.7091 (95% CI, 0.61-0.81). Based on qualitative FLAIR rating, 89 patients (45%) had a scan interpreted as negative or no FLAIR hyperintensity. Of the 89 negative scans, 62 were within 3 hours, 73 were within 4.5 hours, and 78 were within 6 hours of stroke onset. In the Table, the descriptive statistics are dichotomized based on qualitative rating of FLAIR hyperintensity. There was no significant difference for age, gender, and stroke severity between FLAIR-negative and FLAIR-positive patients (Pϭ0.17). FLAIR hyperintensity was seen as early as 0.7 hours.
The optimum SIR threshold of 1.15 ( Figure 2) determined from the first sample of left hemispheric lesions only for onset Ͻ4.5 hours had a sensitivity of 0.80, specificity of 0.82, accuracy of 0.73, and positive predictive value of 0.82. When comparing the confirmatory sample and then separating left and right hemispheric lesions, we found that there was a significant difference in optimum SIR thresholds for identifying ischemic strokes Ͻ4.5 hours (SIR left onlyϭ1.14 vs SIR right onlyϭ1.29; Pϭ0.000). With an adjustment for time, there still remained a significant difference between left and right hemisphere mean SIRs (Pϭ0.000). The SIR from lesion relative to contralateral regions were correlated between readers (rϭ0.69; Pϭ0.000) with no significant difference between mean SIR.
The mean SIR for FLAIR images rated as negative based on qualitative assessment was 1.05 (SDϭ0.09) in comparison with 1.30 (SDϭ0.21) for images considered to have either subtle or bright FLAIR hyperintense lesions. The mean SIR for subtle FLAIR hyperintense was 1.15 (SDϭ0.06). By combining qualitative FLAIR reading with the SIR threshold of Ͻ1.15, 85 of 196 patients were classified as DWI-positive and FLAIR-negative. Eighty-two percent of FLAIR-negative patients were within 4.5 hours from witnessed stroke onset. The prevalence of lesion conspicuity increases with time on FLAIR (Pϭ0.006). The average time for FLAIR MRI to Using coregistered DWI FLAIR measurements, the subtle FLAIR hyperintense lesions had a mean SIR of 1.08 (0.07), which was significantly lower than the reader-measured SIR of 1.15 (0.06; Pϭ0.008). This was expected because the coregistered DWI FLAIR SIR measures were taking into account the entire FLAIR region outlined by the DWI lesion, whereas the reader selected the brightest areas of FLAIR hyperintensity for SIR measurement. There was no significant difference between mean values of the coregistered DWI FLAIR measures and reader-selected SIR for FLAIRnegative scans (Pϭ0.82). The coregistered DWI FLAIR measure did not substantially increase sensitivity or specificity over reader-measured SIR. The accuracy of identifying stroke onset within 4.5 hours using reader-measured SIR threshold of 1.15 was comparable with that of coregistered DWI FLAIR SIR at the same threshold (sensitivityϭ0.78 and specificityϭ0.78 vs sensitivityϭ0.85 and specificityϭ0.67, respectively).
Discussion
Our findings derived from patients with well-defined stroke onset times show FLAIR MRI can accurately identify patients with early stroke onset because the prevalence of lesion visibility increases with time on FLAIR. We found that, on average, lesions determined to be qualitatively FLAIRpositive (subtle and bright hyperintense lesions) were 15% to 20% brighter than FLAIR-negative MRI. Subtle FLAIR hyperintensity was more difficult to interpret, and this is shown by the lower interrater agreement. To circumvent the subjectivity of FLAIR hyperintensity by visual inspection only, SIR quantitatively measures what is visually identified. Using qualitative FLAIR assessment and measuring SIR reduce the possibility of incorrectly predicting a patient to be within 4.5 hours of stroke onset.
In our study, with coregistration, subtle FLAIR hyperintensity was 8% brighter than normal tissue, which is similar to findings of a recent study that found that patients imaged Ͼ3 hours from stroke onset had a FLAIR ratio of 7% or higher. 8 However, at this time, coregistration requires timeconsuming postprocessing, which is not feasible to perform in an acute setting. We show that reader-measured SIR for the detection of FLAIR-negative MRI scans is comparable with coregistration of DWI FLAIR. The coregistration technique does not substantially increase sensitivity and specificity for identifying stroke onset within 4.5 hours. Reader-measured SIR can be performed within a few minutes on the MRI console.
A recent multicenter study showed interobserver agreement for FLAIR lesion visibility was moderate, with positive predictive value of 83%, which is similar to our findings. 10 However, a higher sensitivity of 78% was seen using the SIR method. Instead of relying on qualitative consensus evaluations in which interrater reliability ranges between 65% and 66% 7 or those that may not be reliable when lesions are small, 7, 15 we propose using a novel quantitative signal intensity comparison that more objectively interprets FLAIR hyperintensity in specific ranges using lesion-to-normal ratios. Using SIR along with qualitative evaluation for negative FLAIR helps make the selection of patients for treatment trials more objective than relying solely on the interpretation of each reader. The proposed 2-step FLAIR evaluation and SIR measurement is a conservative approach that is not unlike other imaging-based diagnosis in which the first step is a qualitative assessment for pathology and the second step is a quantitative measurement to confirm what is visually seen. It has the advantage of interpreting what is subjectively seen to a quantified number that has good correlation among readers, and it is simple and practical to implement in the acute care setting.
The second novel approach in our study was the separation of left and right hemisphere strokes. There was a significant difference in the lesion hyperintensity between hemispheres that supports the argument that anosognosia in right hemisphere strokes 11, 16, 17 may lead to incorrect stroke onset times. Inclusion of right hemisphere lesions may confound the accurate estimate of stroke onset time in developing imagingbased thresholds. Another potential cause for SIR differences between hemispheres may be the size of lesions, which was not measured in our study. Larger DWI lesions on either hemisphere may be more conspicuous to readers on FLAIR than smaller ones. 10 A challenging aspect in the imaging evaluation is presented by the presence of severe background disease or leukoariosis, in which "normal" tissue for comparison cannot be easily selected. In such cases in which acute, subacute, and chronic diseases are in question, the experience of the MRI reader is important because there are other MRI sequences such as the apparent diffusion coefficient that can help distinguish hyperacute lesions. A limitation with qualitative FLAIR interpretation and reader-measured SIR is that this model is not highly sensitive or specific in identifying patients in the 0-to 4.5-hour time window. The findings in our study are consistent with recent published reports that show FLAIR-negative MRI is indicative of hyperacute ischemic stroke, but limitations exist with dilemmas such as low interrater agreement. [7] [8] [9] Lesion volumes were quite small in the second study (median DWI volumeϭ1.5 mL), which can make FLAIR readings for hyperintensity difficult to interpret. After exclusion of very small lesions (Ͻ0.5 mL), the sensitivity and specificity of FLAIR-negative scans improved. 9 In 2009, the National Institutes of Health Stroke Team examined 86 patients who were within 24 hours of last known well time and within 4.5 hours from stroke symptom onset. Of these, 53 patients were within the age range of 18 to 80 years, which is specified by previous thrombolysis study inclusion criteria. 18 Thus, Ϸ1 patient per week met the time and age eligibility criteria for MR WITNESS, a multicenter clinical trial (MR Witness, http://clinicaltrials.gov/ct2/show/ NCT01282242). In 2008 at Massachusetts General Hospital, 488 patients were screened for stroke in the emergency department. Of these patients, 22 reached the emergency department within 3 hours from when they were discovered with symptoms but beyond the current thrombolytic time window. Therefore, Ϸ75 patients would have been potentially eligible for MR WITNESS between the 2 enrollment sites.
Conclusions
In conclusion, the FLAIR SIR evaluation can help identify patients who are within 4.5 hours of symptom onset. Using SIR in conjunction with qualitative FLAIR readings can improve the precision of identifying stroke patients within 4.5 hours of onset. Further prospective studies to determine safety in treating patients using the MRI-based tissue clock is underway in a multicenter clinical trial (MR Witness, http:// clinicaltrials.gov/ct2/show/NCT01282242). The MR WITNESS study will enroll subjects whose last seen normal time is within 24 hours and who present within 4.5 hours from time of symptom awareness for stroke evaluation and treatment. 
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